Introduction
Nowadays, there are several wind farms based on fixed-speed wind turbines concept connected to the AC grid. These wind farms were built during the 80s and 90s and represent the first generation of industrialised wind turbines [1] . In 1995, the installation of fixed speed wind turbines represented around 70% of the market share, in 2004 it only represented 32% [1] .
Around 20-25 years after the first connection of the wind farm, the investment is fully recovered and some components are worn down. However, these wind turbines can have a second life after an exhaustive revision and replacement of the damaged components. This process is known as repowering. However, these wind turbines cannot be reconnected directly to the grid due to the evolution of the grid codes [2, 3] .
Currently, a certain level of grid support is required, such as fault right through capability or reactive power support. To achieve these objectives, a power converter is needed. A standard solution is the installation of an individual power converter for each wind turbine. A cheaper and more feasible alternative consists of the installation of a single power converter in a back-to-back structure for the entire wind farm. Since the wind turbines are close to each other, the wind speed can be assumed to be in the same range for all the different wind turbines [4] .
The individual control of a squirrel cage induction generator (SCIG) has been widely discussed in the literature. The two most used control techniques are the flux oriented control [5, 6] (FOC) and the direct torque control [7, 8] (DTC). Both systems present independent control of torque and flux with high-performance results. However, the FOC needs to be oriented in its basic implementation (an extra speed/position sensor is required) while the DTC is a sensorless method (it only requires electrical measures). However at the same time, FOC provides a smooth torque response whereas the DTC presents a torque ripple. For this reason, DTC is recommended for high inertia applications.
There are several authors who present energetic studies and electrical control for wind farms with a single power converter [9] [10] [11] [12] . The main advantages of this approach compared with the classic approach -a single converter per wind turbine -are lower maintenance costs, higher reliability and efficiency thanks to the reduced number of components. In [11, 12] , the concept of a wind farm based on SCIG and synchronous generator are presented using a single power converter. Another control approach based on scalar control is presented in [10] .
In this paper, a new wind farm control with a centralised power converter based on DTC multimachine algorithm is presented and discussed for a small wind farm. This structure permits to adapt old wind farms equipped with SCIG to new grid codes and also it allows to control new small wind turbines connected to the main AC grid or a microgrid. This paper is structured as follows: first, the analysed system and model equations are presented. Later, the operation modes and the control scheme are described. Finally, the system efficiency and stability are verified and some dynamic simulations are performed.
Analysed system
The analysed system is a small wind farm cluster composed of several wind turbines based on fixed-speed SCIG with individual pitch control. Each wind turbine drive train is composed of the wind turbine, a gearbox and an SCIG. There is a single back-to-back power converter that interfaces the wind farm with the AC grid. Also, there is a DC chopper in the DC bus to dissipate power during an AC contingency. A sketch of the analysed topology can be seen in Fig. 1. 3 Control scheme
Wind turbine model
The wind turbine has been modelled using a C p mathematical approach, where the power extracted from the wind (P tur ) is
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where C p is the power coefficient, R is the wind turbine radius and ρ is the air density. C p is defined as [13] 
where C 1..9 are the power coefficients, θ pitch is the pitch angle, R is the wind turbine rotor radius, ω tur is the rotational speed of the wind turbine and v wind is the wind speed. The torque developed by the wind turbine (Γ tur ) is
Electrical system model
The electrical system is composed of the SCIG, the AC cables and the power converter. The SCIG equations used are as follows [14] 
where, v is the voltage at electrical machine terminals, i is the current across the stator, R is the resistance, ω r is the rotational speed, ω is the electrical speed and l is the flux. The subscript q and d refer to the stationary reference frame components and s and r refer to stator and rotor, respectively. The fluxes are expressed as
where L lr is the rotor self-inductance, L ls is the stator self-inductance and L m is the magnetising inductance. The torque developed by the electrical machine is
The cables have been modelled as impedance
The back-to-back has been modelled as a detailed two level voltage source converter [including insulated-gate bipolar transistors (IGBTs)]. The DC chopper has been modelled as a resistance with a series IGBT and the AC grid has been modelled as a Thevenin equivalent.
Gearbox and transmission model
The wind turbine is connected to the electric machine using a gearbox to match the rotational speed of both, the wind turbine and the electrical machine. It is modelled as a first order system as
where J total is the wind turbine inertia and n is the gearbox ratio. 
General overview and operation model
The control system is divided into two parts: the GSC Q1 control and the WFC control. A control overview can be seen in Fig. 1 . The GSC control is in charge of the DC voltage and the reactive power injected to the grid. It also controls the DC chopper used to dissipate the exceeded power during an AC contingency. The WFC control is in charge of the torque and the flux of the whole wind farm solely using electrical measures. A DTC-based algorithm is used because of its inherent sensorless capability and its high dynamic performance. The wind farm operation can be divided into three different states: † Normal operation: When the wind speed is under the nominal value the system extracts the maximum power available. The maximum power point tracking (MPPT) calculates the maximum power that can be extracted from the wind according to the estimated rotational speed and the DTC-based algorithm drives the wind turbine to the optimal operational point. Consequently, in this mode the electrical frequency of the AC grid adapts to work at the optimal operational point. If the nominal wind is reached, the reference torque of the system is kept constant and the wind turbine pitch control system starts to reduce the power extracted from the wind. † AC grid fault: During an AC contingency, probably all the generated power will not be injected to the grid due to the saturation of the GSC AC current. In this case, the energy starts to be stored in the DC bus and the voltage starts to rise. The presented topology is equipped with a DC chopper that can dissipate this energy when the DC voltage is above the nominal maximum voltage. Using a DC chopper during grid contingencies, wind turbines do not suffer the effects of the AC contingencies. Once the AC grid is recovered the GSC returns to the previous operation point. † Power reduction reference: In some circumstances, the grid operator may require an active power reduction. To reach the desired power level, the WFC control adapts the torque reference saturation to reduce the generated power. When the torque is reduced, the wind turbines accelerate and the pitch control adapts the captured power to match the power demanded by the grid operator. In normal operation, the wind farm power reference (P * wf ) is set to its nominal value (P nom ).
Wind farm converter control
The WFC control is based on a DTC control algorithm for SCIG adapted for multimachine schemes (Fig. 1) . A flux, torque and speed wind farm equivalent are used instead of the individual machine variables. The DTC control algorithm is composed of the wind farm equivalent torque estimator, the wind farm equivalent flux (angle and magnitude) estimator, the average rotational speed estimator, the hysteresis controllers and the DTC switching tables. The estimator is the part of the control system where the non-measured variables are calculated; its schematic is presented in Fig. 2 . The equivalent wind farm flux (l wf ) is calculated as
where R wf is the equivalent resistance of the electrical wind farm grid at the power converter terminals, i wf is the AC current flowing across the WFC and v wf is the voltage at AC WFC terminals. Once the d and q components are calculated, it is possible to calculate the wind farm electrical torque (Γ wf ) as
where that wind farm flux magnitude is
and the average wind farm flux angle needed to determine the appropriate switching vector is
The average rotational speed (ω wf ) is needed by the MPPT to determine the optimal wind farm power extraction. Since there is no speed sensor, the rotational speed of the wind farm is estimated as
where, ω rwf is the average electric angular velocity and ω slipwf is the average slip angular velocity. To calculate the average speed, the i wf is divided by the number of wind turbines (N wf ). The electrical speed is determined from the wind farm equivalent rotor flux as
where P is the number of pole pairs and θ rwf is
the rotor equivalent flux amplitude and angle are calculated as
where
. The average slip angular velocity is expressed as
Once all the needed variables are estimated, applying the DTC algorithm is possible. The DTC consists of applying a given voltage vector depending on the flux/torque hysteresis controller outputs and the sector. The flux hysteresis controller has two possible states and the torque controller has three possible output states. The DTC switching tables used in this paper are extracted from [15] . The optimum torque reference is calculated using an open loop MPPT [16] algorithm based on the wind turbine physical 
as all the terms are constant except the wind turbine rotational speed. It can be simplified as
The torque reference is limited once the system reaches the nominal torque. Past this point, the torque reference is set as constant. As the grid operator may require a power reduction, [17] the torque saturation (Γ sat ) is modified accordingly to deliver the required power as
where Γ nom is the nominal torque and T s is the first order filter time constant used to filter the power reduction effect. This control implementation can be seen in Fig. 1 as WF power control.
Grid side converter control and DC chopper control
The GSC regulates the DC bus voltage and the reactive power exchanged with the AC main grid independently. A sketch of the control system can be seen in Fig. 3 . The implemented control strategy is based on an inner current control and an outer DC voltage control. At the same time, a PLL is needed to track the AC grid phase. The current control is composed by two proportional-integral (PI) controllers, one for each component in the synchronous reference frame, and a decoupling feed-forward. The inner current control PI controller is
where K iil and K pil are the inner loop integral and proportional gains and R l and L r are the resistance and the inductance of the coupling filter. The DC voltage control is based on a PI controller as
Q2 where K idc and K pdc are the integral and proportional gains of the DC voltage regulator. The DC chopper is controlled by means of the IGBT duty cycle. The used control law is a proportional controller described as
where E min is the minimum voltage chopper threshold, E max is the maximum voltage chopper threshold and E is the DC voltage value. The DC chopper controller output is saturated between 0 (no chopper actuation) and 1 (DC chopper is fully connected)
Wind turbine pitch control
Each wind turbine has an individual pitch control system that is actioned when the wind speed is higher than the referenced value (ω max ). In the studied system, this value matches the nominal speed when the machine is acting as a generator. A sketch of the pitch control can be seen in Fig. 4 . The system is tuned as following [18] .
The pitch controller is implemented as a PI controller as
where K ppitch and K ipitch are the proportional and integral gains of the pitch controller
Performance and stability analysis
In this section, the performance and the stability of the proposed system are analysed. A four wind turbine wind farm with a nominal power of 37 kW at v nominal wind = 12 m/s each is analysed. Each wind turbine is connected to the WFC busbar terminals using independent line (see Fig. 5 ). The wind turbine parameters used are: rotor radius (R) is 5.5 m, the air density (ρ) is 1.125 kg/m are similar [4] , but in this analysis they have been considered to be substantially different to prove the system robustness.
MPPT and system performance
The described MPPT in (27) is the optimum solution for a single or a group of wind turbines with identical wind speed. However, when it is used considering the average speed of the wind farm the MPPT calculates an average optimum torque for the whole wind farm [19] . Fig. 6 shows the l-C p characteristic for the analysed wind turbines, where the individual wind turbine operational point have been marked. As it can be seen, WT1 and WT2 are working near the maximum C p and WT3 and WT4 are working with a less efficient C p due to the wind speed difference. If the power generated by the proposed system is compared with the power generated when the wind turbines are directly connected, the output power is 20% higher (see Fig. 7 , the total power is the sum of the red dots). In the first case, the generated power is around 44 kW and in the second case, it is around 36.5 kW. As it can be seen in Fig. 7 , as the proposed method can vary the system frequency, it is possible to adapt the rotational speed in order to capture more power. 
Stability of the proposed controller
The aim of this section is to show the stability of the proposed control structure. Due to the non-linear nature of the DTC, the classic control analysis tools cannot be used. In [20] , the stability of the DTC is addressed in deep. In this paper, the stability of the whole wind farm is studied linearising the model and the DTC hysteresis controllers are considered stable. The wind turbine eigenvalues are calculated from the linearised model and presented in Table 1 . As it can be observed, the electrical poles and the mechanical pole (transmission) are in the left-hand plane and the system is stable even if the electrical machines are rotating at different speeds due to the slip of the induction machines. This is an intrinsic phenomenon in induction machines. Fig. 8 shows the static characteristic power-speed curve of an induction machine with the different working points for the studied case.
Simulation results
In addition, the proposed control system is tested in a set of dynamic simulations. The first scenario consists in operation under varying wind speeds, the second is an AC voltage sag and the third is an Fig. 10 DC voltage evolution (in red the minimum (E min ) and maximum (E max ) thresholds) and active Q power generated and injected to the grid 
Wind series simulation
Fig . 9 shows the wind speeds for the different wind turbines (a), the active power (b), the pitch angle evolution (c), the individual wind turbine rotational speed (d) and (e) and torque (f), the estimated and reference wind farm torque (g), the estimated and real wind farm rotational speed (h) and the current magnitude (i) (cosf = 0.8).
During time instants t = 0 s and t = 5 s, the wind speed is above the nominal value and the system is keeping the torque reference at its maximum. Due to the wind turbine acceleration, the pitch control limits the rotational speed at its maximum value. During this period, the generated power is around 1 pu. Between time instants t = 5 s and t = 20 s, the average wind speed is lower than the nominal wind speed and the MPPT changes the torque reference to extract the maximum power. After t = 20 s the system is saturated again and the active power is regulated using the pitch system.
The DTC control system is properly tracking the optimal torque reference and the average wind farm speed is being correctly estimated. The current for each wind turbine is less than the nominal current. The torque and the rotational speed of each wind turbine is below their nominal values, even when the wind is above the nominal value. In addition, details of the wind turbine rotational speeds between time instant t = 6 and 6.2 s shows the small differences due to the slip.
AC voltage sag
In this scenario, an AC voltage sag with a depth Q3 of 75% is simulated for the same wind profile described in the first scenario. Fig. 10 shows the DC voltage and active power generated in the wind farm and injected to the AC system. Before the voltage sag, the wind farm is delivering to the grid all the generated power. The voltage sag is applied at time instant t = 2.5 s. The GSC reaches the AC current limit. Consequently, the maximum amount of active power that can be injected in the AC grid is reduced up to 0.3 pu. During the first instants of the voltage sag, the DC voltage starts to rise and the minimum chopper threshold is crossed. Consequently, the DC chopper starts to dissipate power. Some milliseconds later, the DC chopper reaches an equilibrium point and the voltage is controlled at 1.03 pu. At time instant t = 3 s, the contingency is cleared and the grid voltage returns to its nominal value. At this moment, the DC chopper is disconnected and returns to the previous nominal voltage. During the voltage sag, the wind farm is generating the same amount of power as before.
AC power reduction
In this scenario, a 40% power reference reduction demanded by the grid operator is simulated. Fig. 11 shows the wind speed for the four wind turbines, the power generated by the wind farm, the individual pitch angle for each wind turbine, the rotational speed, current magnitude and torque for each wind turbine. At time instant t = 5 s, the power reference is reduced to 60% of its nominal value. Consequently, the generated power is reduced from near 1 to 0.6 pu following a first order response according to the time constant T s . As there is an amount of power that cannot be injected to the AC system, the wind turbines start to accelerate and the power is controlled by the pitch angle. Consequently, after a small transient the system is able to control the active by means of pitch control. Compared with the first simulated scenario, as the needed power reduction is more aggressive the pitch angles are higher. During this transient the current, the torque or the speed do not exceed its limits.
Conclusion
This paper has introduced a sensorless control system for a small wind turbine cluster. This system is based on a DTC algorithm adapted for multimachine purposes and an MPPT system. The concept can be applied on small wind farm clusters (such as a repowering project, small wind farms built in rural areas or microgrids), but also in large wind power plants. The present structure can generate more power than the wind farm directly connected to the grid, thanks to the MPPT and the ability to change the electrical frequency. At the same time, the system stability has been proved through its linear model. The performance of the system during normal operation, AC contingencies and power reduction has been evaluated using three simulated cases: a steep wind change, an AC voltage sag and an active power reference change. The simulations have shown that the wind farm speed and torque are observed properly and the current, speed and torque are kept into the operation modes.
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